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(57)  One embodiment of the present invention pro-
vides a ring oscillator with a digitally programmable fre-
quency. This ring oscillator includes an odd number of
inverting stages coupled input to output to form a ring,
and a programming mechanism configured to digitally
program the drive strength for each inverting stage in
the ring oscillator, thereby changing the propagation de-
lay between inverting stages and thereby allowing the
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Ring oscillator with a digitally programmable frequency

frequency of the ring oscillator to be adjusted. The given
inverting stage may include a plurality of tri-state invert-
ers coupled in parallel, so that inputs of the tri-state in-
verters are coupled to a common input for the given in-
verting stage, and outputs of the tri-state inverters are
coupled to a common output for the given inverting
stage. Each of the tri-state inverters can be selectively
enabled, thereby allowing the drive strength of the given
inverting stage to be adjusted.
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Description

Field of the Invention

[0001] The presentinvention relates to digital circuits.
More specifically, the present invention relates to a
method and an apparatus for digitally programming a
frequency for a ring oscillator.

Background of the Invention

[0002] Digital circuits typically operate under control
of a system clock signal that is used to synchronize in-
teractions between circuit elements. Because of the
simplicity of its design, a ring oscillator is often used to
generate such a clock signal.

[0003] A ring oscillator comprises an odd number of
inverting stages connected into a ring. For example, re-
ferring to FIG. 1, ring oscillator 103 on semiconductor
chip 102 includes five inverters 104-108 connected in-
put-to-output to form a ring in which the output of the
last inverter 108 feeds back into the input of the first in-
verter 104.

[0004] Assumingthateach inverting stage is identical,
this circuit produces a clock signal that oscillates with a
period equal to twice the gate delay of each inverting
stage multiplied by the number of inverting stages. For
example, if each of the five inverters 104-108 in FIG. 1
has a one-nanosecond delay, ring oscillator 103 will os-
cillate with a period of 10 nanoseconds.

[0005] It is often useful to be able to dynamically
change the clock frequency of a digital system. For ex-
ample, the clock frequency can be decreased during la-
tent periods of operation in order to decrease the power
consumption of the digital circuit. Furthermore, itis often
desirable to fine tune circuitry after fabrication to
achieve a desired clock speed. Note that variations in
the processes used to manufacture semiconductor
chips often cause substantial variations in propagation
delay through circuit elements. It is therefore not possi-
ble to determine how fast a digital circuit will operate
before it is manufactured. Hence, it is typically neces-
sary to fine tune a digital circuit after it is manufactured
to achieve a desired frequency.

[0006] A number of ring oscillator designs allow the
number of inverting stages in the ring oscillator to be
adjusted through fuses or semiconductor switches. For
example, see U.S. Patent No. 5,689,213, entitled "Post-
Fabrication Programmable Integrated Circuit Ring Os-
cillator," by inventor Joseph C. Sher, filed on August 23,
1995 and issued on November 18, 1997. However, in
these designs, inverting stages must be added or re-
moved from the ring oscillator in pairs. This means that
only coarse frequency adjustments are possible using
this technique.
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Summary of the Invention

[0007] Accordingly, one embodiment of the present
invention provides a ring oscillator with a digitally pro-
grammable frequency. This ring oscillator includes an
odd number of inverting stages coupled input to output
to form a ring, and a programming mechanism config-
ured to digitally program the drive strength for each in-
verting stage in the ring oscillator, thereby changing the
propagation delay between inverting stages and there-
by allowing the frequency of the ring oscillator to be ad-
justed.

[0008] Inone embodiment, a given inverting stage in-
cludes a plurality of tri-state inverters coupled in parallel,
so that the inputs of the tri-state inverters are coupled
to a common input for the given inverting stage, and the
outputs of the tri-state inverters are coupled to a com-
mon output for the given inverting stage. Moreover, each
of the ftri-state inverters can be selectively enabled,
thereby allowing the drive strength of the given inverting
stage to be adjusted.

[0009] In one particular embodiment, the tri-state in-
verters for the given inverting stage have equal drive
strength, so that enabling additional tri-state inverters
increases the drive strength of the given inverting stage
linearly. Alternatively, the tri-state inverters for the given
inverting stage may have different gate lengths and
hence different drive strengths. For example, the ftri-
state inverters for the given inverting stage may have
drive strengths that vary by powers of two, so that the
drive strength of the given inverting stage can be digit-
ally programmed with a binary number.

[0010] Inone particular embodiment, a tri-state invert-
er in the given inverting stage includes: a first P-type
transistor with a source coupled to Vpp, and a gate cou-
pled to the input of the tri-state inverter; a second P-type
transistor with a source coupled to the drain of the first
P-type transistor, a gate coupled to an enable signal for
the tri-state inverter and a drain coupled to the output of
the tri-state inverter; a first N-type transistor with a drain
coupled to the output of the tri-state inverter, and a gate
coupled to the inverse of the enable signal; and a sec-
ond N-type transistor with a drain coupled to the source
of the first N-type transistor, a gate coupled to the input
of the tri-state inverter and a source coupled to ground.

Brief Description of the Figures

[0011] Various embodiments of the invention will now
be described in detail by way of example only with ref-
erence to the following drawings:

FIG. 1 illustrates a ring oscillator on a semiconduc-
tor chip.

FIG. 2 illustrates a ring oscillator with a programma-
ble frequency in accordance with one embodiment
of the present invention.

FIG. 3 illustrates an implementation of a stage in a
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ring oscillator in accordance with one embodiment
of the present invention.

FIG. 4 illustrates an alternative implementation of a
stage in aring oscillator in accordance with one em-
bodiment of the present invention.

FIG. 5 illustrates yet another implementation of a
stage in aring oscillator in accordance with one em-
bodiment of the present invention.

FIG. 6 is a flow chart of the process of configuring
the frequency of a ring oscillator in accordance with
one embodiment of the present invention.

Detailed Description

Programmable Ring Oscillator

[0012] FIG. 2 illustrates a ring oscillator 200 with a
programmable frequency in accordance with one em-
bodiment of the present invention. The ring oscillator
200 illustrated in FIG. 2 includes five inverting stages
206-210. However, in general any odd number of invert-
ing stages can be used.

[0013] Ring oscillator 200 additionally includes con-
trol logic 202, which holds a digital value 204 corre-
sponding to a frequency for ring oscillator 200. Control
logic 202 uses digital value 204 to generate a set of en-
able signals, ENA, ENB and ENC, which feed into in-
verting stages 206-210. These enable signals ENA,
ENB and ENC are used to selectively enable tri-state
inverters that are coupled together in parallel within in-
verting stages 206-210. Note that FIG. 2 does not show
complementary enable signals ENA_L, ENB_L and
ENC_L that accompany enable signals ENA, ENB and
ENC. Also note that control logic 202 can generally in-
clude any type of state machine, programmable Read-
Only Memory (ROM), or other type of control mecha-
nism that can be used to generate enable signals for
inverting stages 206-210.

[0014] By selectively enabling tri-state drivers in in-
verting stages 206-210, control logic 202 is able to ad-
just the drive strength for each inverting stage in ring
oscillator 200. This changes the propagation delay be-
tween inverting stages 206-210 and thereby allows the
frequency of ring oscillator 200 to be adjusted. This ad-
justment process is described in more detail below with
reference to FIGs. 3-6.

Inverting Stages

[0015] FIG. 3 illustrates an implementation of invert-
ing stage 206 within ring oscillator 200 in accordance
with one embodiment of the present invention. During
operation, inverting stage 206 receives an input signal
212 and generates an inverted output signal 214 (see
FIG. 2).

[0016] The implementation of inverting stage 206 in
FIG. 3includes three tri-state inverters connected in par-
allel. Note thatin generalinverting stage 206 can include
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any number of tri-state inverters connected in parallel,
and is not limited to the three parallel tri-state inverters
illustrated in FIG. 3.

[0017] AsisillustratedinFIG. 3, afirst tri-state inverter
320 in inverting stage 206 includes P-type transistors
302 and 305 as well as N-type transistors 308 and 311,
which are coupled in series between Vpp and ground.
When enable signal ENA is asserted to a low voltage
and complementary enable signal ENA_L is asserted to
Vpp, P-type transistor 305 and N-type transistor 308 be-
come transparent. This allows P-type transistor 302 and
N-type transistor 311 to invert input signal 212 to pro-
duce output signal 214.

[0018] A second tri-state inverter 321 includes P-type
transistors 303 and 306 as well as N-type transistors
309, and 312, which are coupled in series between Vpp
and ground. Tri-state inverter 321 can similarly be ena-
bled by asserting enable signal ENB to a low voltage
and asserting complementary enable signal ENB_L to
Vbp-

[0019] Finally, a third tri-state inverter 322 includes P-
type transistors 304 and 307 as well as N-type transis-
tors 310 and 313, which are coupled in series between
Vpp and ground. Tri-state inverter 322 can also be en-
abled by asserting enable signal ENC to a low voltage
and asserting complementary enable signal ENC_L to
Vbp-

[0020] By selectively enabling different combinations
of tri-state inverters 320, 321 and 322, different drive
strengths can be generated by inverting stage 206. In
one embodiment of the present invention, the drive
strengths of inverters 320, 321 and 322 are all the same.
In this case, enabling additional inverters increases the
drive strength of inverting stage 206 linearly. Note the
drive strength for a given tri-state inverter can be adjust-
ed prior to manufacture by adjusting the gate widths of
the transistors in the given tri-state inverter.

[0021] In another embodiment of the present inven-
tion, the drive strengths of inverters 320, 321 and 322
vary by successive by powers of two. For example, the
drive strength of the second inverter 321 can be twice
the drive strength of the first inverter 320, and the drive
strength of the third inverter 322 can be twice the drive
strength of the second inverter 321. In this way, a three
digit binary value can be used to selectively enable dif-
ferent combinations of inverters 320, 321 and 322 to
produce a corresponding drive strength that is propor-
tional to the three digit binary value.

[0022] FIG. 4 illustrates an alternative implementation
of inverting stage 206 in accordance with another em-
bodiment of the present invention. This alternative im-
plementation is the same as the implementation illus-
trated in FIG. 3, except that the drains of P-type transis-
tors 302-304 have been coupled together at terminal
323, and the drains of N-type transistors 311-313 have
been coupled together at terminal 324. In this embodi-
ment, P-type transistors 302-303 and N-type transistors
311-313 always remain active.
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[0023] Moreover, enable signals ENA, ENB and ENC
determine the resistance between terminal 323 and out-
put terminal 214, and enable signals ENA_L, ENB_L,
and ENC_L determine the resistance between terminal
324 and output terminal 214. In this way, enable signals
ENA, ENA_L, ENB, ENB_L, ENC, and ENC_L deter-
mine the drive strength of inverting stage 206.

[0024] FIG. 5 illustrates yet another implementation
of inverting stage 206 in accordance with another em-
bodiment of the present invention. This implementation
is a variation on the embodiment illustrated in FIG. 4 in
which the three parallel P-type transistors 302-304 are
replaced be a single P-type transistor 325, and the three
parallel N-type transistors 311-313 are replaced by a
single N-type transistor 326. This embodiment operates
in generally the same way as the embodiment illustrated
in FIG. 4, wherein enable signals ENA, ENB, and ENC
determine the resistance between terminal 323 and out-
put 214, and enable signals ENA_L, ENB_L, and
ENC_L determine the resistance between terminal 324
and output terminal 214. This allows enable signals
ENA, ENA_L, ENB, ENB_L, ENC, and ENC_L to deter-
mine the drive strength of inverting stage 206.

[0025] Although the enable signals illustrated in FIGs.
3-5 are "active low," which means that they are asserted
with a low voltage, the present invention is not limited to
circuits with active low enable signals. Equivalent cir-
cuitry which makes use of "active high" enable signals
can also be used.

Configuration Process

[0026] FIG. 6 is a flow chart of a process for configur-
ing the frequency of a ring oscillator in accordance with
one embodiment of the present invention. The process
starts when control logic 202 produces a digital value
204 composed of a series of ones and zeros associated
with a specific frequency for ring oscillator 200 (see FIG.
2) (step 602). This digital value 204 can be received from
an external source, can be programmed, or can be gen-
erated internally by control logic 202.

[0027] Next, control logic 202 uses digital value 204
to program the drive strength for the inverting stages by
asserting enable signals ENA, ENA_L, ENB, ENB_L,
ENC and ENC_L (step 604). This can involve perform-
ing a function on digital value 204 to compute enable
signals ENA, ENA_L, ENB, ENB_L, ENC and ENC_L.
Ring oscillator 200 is then able to operate at the selected
frequency (step 606).

[0028] Although the present invention has been de-
scribed in the context of the implementations illustrated
in FIGs. 2-6, the present invention is not meant to be
limited to these specific implementations. For example,
any suitable technique for varying the drive strength of
inverting stages in a ring oscillator based on a digital
input may be used.

[0029] The foregoing descriptions of embodiments of
the presentinvention have been presented for purposes
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of illustration in order to enable a person skilled in the
art to appreciate and implement the invention. They are
provided in the context of particular applications and
their requirements, but are not intended to be exhaus-
tive or to limit the present invention to the forms dis-
closed. Accordingly, many modifications and variations
will be apparent to practitioners skilled in the art, and
the scope of the present invention is defined by the ap-
pended claims.

Claims

1. A ring oscillator with a digitally programmable fre-
quency, comprising:

an odd number of inverting stages coupled in-
put to output to form a ring; and

a programming mechanism configured to digit-
ally program the drive strength for each invert-
ing stage in the ring oscillator, thereby changing
the propagation delay between inverting stages
to allow the frequency of the ring oscillator to
be adjusted.

2. Thering oscillator of claim 1, wherein a given invert-
ing stage includes:

a plurality of tri-state inverters coupled in par-
allel, so that the inputs of the tri-state inverters
are coupled to a common input for the given
inverting stage, and the outputs of the tri-state
inverters are coupled to a common output for
the given inverting stage;

wherein each of the tri-state inverters can be
selectively enabled, to allow the drive strength of
the given inverting stage to be adjusted.

3. The ring oscillator of claim 2, wherein the tri-state
inverters for the given inverting stage have equal
drive strength, so that enabling additional tri-state
inverters increases the drive strength of the given
inverting stage linearly.

4. The ring oscillator of claim 2, wherein the tri-state
inverters for the given inverting stage have different
gate lengths and hence different drive strengths.

5. The ring oscillator of claim 4, wherein the tri-state
inverters for the given inverting stage have drive
strengths that vary by powers of two, so that the
drive strength of the given inverting stage can be
digitally programmed with a binary number.

6. The ring oscillator of any of claims 2 to 5, wherein
a tri-state inverter in the given inverting stage in-
cludes:
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a first P-type transistor with a source coupled
to Vpp, and a gate coupled to the input of the
tri-state inverter;

a second P-type transistor with a source cou-
pled to the drain of the first P-type transistor, a
gate coupled to an enable signal for the tri-state
inverter and a drain coupled to the output of the
tri-state inverter;

a first N-type transistor with a drain coupled to
the output of the fri-state inverter, and a gate
coupled to the inverse of the enable signal; and
a second N-type transistor with a drain coupled
to the source of the first N-type transistor, a gate
coupled to the input of the tri-state inverter and
a source coupled to ground.

A method for digitally programming a frequency of
a ring oscillator, wherein the ring oscillator includes
an odd number of inverting stages coupled input to
output to form a ring, comprising:

receiving a digital value associated with the fre-
quency for the ring oscillator; and

using the digital value to program a drive
strength for each inverting stage in the ring os-
cillator;

wherein programming the drive strength
changes the propagation delay between inverting
stages and thereby adjusts the frequency of the ring
oscillator.

The method of claim 7, wherein a given inverting
stage includes:

a plurality of tri-state inverters coupled in par-
allel, so that the inputs of the tri-state inverters
are coupled to a common input for the given
inverting stage, and the outputs of the tri-state
inverters are coupled to a common output for
the given inverting stage;

wherein each of the tri-state inverters can be
selectively enabled, thereby allowing the drive
strength of the given inverting stage to be adjusted.

The method of claim 8, wherein the tri-state invert-
ers for the given inverting stage have equal drive
strength, so that enabling additional tri-state invert-
ers increases the drive strength of the given invert-
ing stage linearly.

The method of claim 8, wherein the tri-state invert-
ers for the given inverting stage have different gate
lengths and hence different drive strengths.

The method of claim 10, wherein the tri-state invert-
ers for the given inverting stage have drive
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strengths that vary by powers of two, so that the
drive strength of the given inverting stage can be
digitally programmed with a binary number.

12. The method of any of claims 8 to 11, wherein a tri-

state inverter in the given inverting stage includes:

a first P-type transistor with a source coupled
to Vpp, and a gate coupled to the input of the
tri-state inverter;

a second P-type transistor with a source cou-
pled to the drain of the first P-type transistor, a
gate coupled to an enable signal for the tri-state
inverter and a drain coupled to the output of the
tri-state inverter;

a first N-type transistor with a drain coupled to
the output of the tri-state inverter, and a gate
coupled to the inverse of the enable signal; and
a second N-type transistor with a drain coupled
to the source of the first N-type transistor, a gate
coupled to the input of the tri-state inverter and
a source coupled to ground.

13. A semiconductor chip comprising:

a semiconductor substrate;
aring oscillator on the semiconductor substrate
according to any of claims 1 to 6.

14. The semiconductor chip of claim 13, wherein the

semiconductor chip includes a central processing
unit.

15. A computer system comprising:

a processor;
a memory;

a ring oscillator according to any of claims 1 to
6.
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